Antipsychotic drugs can regulate transcription of some genes, including those involved in regulation of hypothalamic-pituitary-adrenal (HPA) axis, whose activity is frequently disturbed in schizophrenic patients. However, molecular mechanism of antipsychotic drug action on the corticotropin-releasing hormone (CRH) gene activity has not been investigated so far. This study was undertaken to examine the influence of conventional and atypical antipsychotic drugs on the CRH gene promoter activity in differentiated Neuro-2A cell cultures stably transfected with a human CRH promoter fragment linked to the chloramphenicol acetyltransferase (CAT) reporter gene. It has been found that chlorpromazine (0.1-5.0 mM), haloperidol (0.5-5.0 mM), clozapine (1.0-5.0 mM), thioridazine (1.0-5.0 mM), promazine (5.0 and 10 mM), risperidone (5.0 and 10.0 mM), and raclopride (only at the highest used concentrations, ie 30 and 100 mM) present in culture medium for 5 days inhibited the CRH-CAT activity. Sulpiride and remoxipride had no effect. Since CRH gene activity is most potently enhanced by cAMP/protein kinase A pathway, the effect of antipsychotics on the forskolin-induced CRH-CAT activity was determined. Chlorpromazine (1.0-5.0 mM), haloperidol (1.0-5.0 mM), clozapine (1.0-5.0 mM), thioridazine (3.0 and 5.0 mM), and raclopride (30 and 100 mM), but not promazine, sulpiride, risperidone, and remoxipride, inhibited the forskolin-stimulated CRH gene promoter activity. A possible involvement of protein kinases in chlorpromazine and clozapine inhibitory action on CRH activity was also investigated. It was found that wortmannin (0.01 and 0.02 mM), an inhibitor of phosphatidylinositol 3-kinase (PI3-K), significantly attenuated the inhibitory effect of chlorpromazine and clozapine on CRH gene promoter activity. In line with these results, a Western blot study showed that these drugs increased phospho-Ser-473 Akt level, had no effect on total Akt, and decreased glycogen synthase kinase-3b level. Additionally, we found that clozapine decreased protein kinase C (PKC) level and that its action on CRH activity was attenuated by PKC activator (TPA, 0.1 mM). The obtained results indicate that inhibition of CRH gene promoter activity by some antipsychotic drugs may be a molecular mechanism responsible for their inhibitory action on HPA axis activity. Clozapine and chlorpromazine action on CRH activity operates mainly through activation of the PI3-K/Akt pathway. Moreover, PKC-mediated pathway seems to be involved in clozapine action on CRH gene activity.
INTRODUCTION
Recently, it has been found that the dysregulation of the hypothalamic-pituitary-adrenal (HPA) axis occurs not only in the patients suffering from depression but also in schizophrenic disorders. Clinical studies have shown that some patients with schizophrenia have an increased concentration of cortisol in plasma and/or increased release of cortisol after pretreatment with dexamethasone or dexamethasone with corticotropin-releasing hormone (CRH) (Lammers et al, 1995; Ryan et al, 2004; Tandon et al, 1991) . Moreover, an association between postdexamethasone cortisol level and negative symptoms of schizophrenia was found (Newcomer et al, 1991) . Diminished negative feedback regulation of the HPA axis activity in schizophrenia has been demonstrated also by a postmortem study, which showed a decreased level of glucocorticoid receptors (GR) mRNA in the hippocampus, frontal cortex, and temporal cortex (Webster et al, 2002) . The decrease in GR levels in brain structures involved in a feedback inhibition mechanism, that is, inhibition of CRH synthesis and secretion from the hypothalamus, may cause HPA hyperactivity. Furthermore, it has been shown that high levels of glucocorticoids can induce psychosis in humans (Bloch et al, 1994; Ling et al, 1981) , and enhance extracellular concentrations of dopamine and dopaminedependent behaviors in animals (Marinelli et al, 1994 (Marinelli et al, , 1997 Piazza et al, 1996) . Besides exacerbation of dopaminergic system activity, glucocorticoids are known to enhance neurodegenerative processes, which along with changes in monoamine systems are likely responsible for the development of schizophrenia (McEwen and Magarinos, 2001) .
Some papers suggest that HPA axis dysregulation in schizophrenia is a result of hypersecretion of CRH and could be generated by a monoamine neurotransmitter disturbance, altered expression or activity of GR in the brain, or an increased cytokine activity (Altamura et al, 1999; Meltzer, 1995; Webster et al, 2002) . CRH is a primary regulator of the stress response. Apart from stimulating ACTH secretion, this peptide exerts many behavioral and autonomic effects, which coordinate a variety of responses associated with stress. CRH influenced central serotoninergic and catecholaminergic activities, for example, it increased dopamine synthesis and dopamine-induced behavior in experimental animals (Austin et al, 1997) . CRH hypersecretion in depression and anxiety disorders and anxiogenic effect of CRH is well documented, but data concerning the role of this peptide in schizophrenia are limited. Nevertheless, CRH concentrations have been found to be elevated in schizophrenic patients after withdrawal from haloperidol treatment, and a tendency to the increase in the level of this peptide was observed in patients who relapsed (Forman et al, 1994) . The relationship between CRH and schizophrenia has been demonstrated also in experimental animals. Chronically increased CRH level in transgenic mice overexpressing CRH is associated with sensorimotor gating deficits (prepulse-induced inhibition of acoustic startle response), which is a behavioral disturbance typical of schizophrenia (Dirks et al, 2002) .
It has been shown that the altered HPA axis activity is usually corrected during a clinically effective therapy with antipsychotic drugs (Lammers et al, 1995; Tandon et al, 1991; Wik et al, 1986) . Also, in the transgenic mice overexpressing CRH, some antipsychotic drugs alleviated sensorimotor gating deficits (Dirks et al, 2002) . However, there are only few data concerning the intracellular mechanism of modulatory effects of antipsychotics on HPA axis activity and the density or function of GR. Previously, we have found that some antipsychotics inhibit the GR-mediated gene transcription . A purpose of the present study was to find out if antipsychotic drugs, which are known to affect the function of GR and neurotransmitters as well as activity of various protein kinases, can also modulate CRH gene transcription.
We examined the effect of several antipsychotic drugs belonging to various groups (with regard to their chemical structure, affinity for dopamine D 2 -, serotonin 5-HT 2 -, s-and other membrane receptors, clinical efficacy, and side-effects), that is, chlorpromazine, thioridazine, perazine, haloperidol, sulpiride, raclopride, remoxipride, risperidone, and clozapine on the CRH gene promoter activity in vitro. To this end, we employed the differentiated Neuro-2A cell culture stably transfected with a human CRH promoter fragment linked to the chloramphenicol acetyltransferase (CAT) reporter gene (Budziszewska et al, , 2004 . This cell line displays a neuron-like phenotype both morphologically and neurochemically (Klebe and Ruddle, 1969) . Neuronal differentiation in vitro is accompanied by morphological alterations, and elevates levels of neurotransmitters: serotonin, dopamine, and amino acids (Chatterjee et al, 1992) . Furthermore, differentiated Neuro-2A cells are more sensitive than undifferentiated ones to psychotropic (antidepressant) drug action (Budziszewska et al, 2004) .
Since functional cAMP-responsive element (CRE) sequence is present in the CRH gene promoter and activated by cAMP/protein kinase A (PKA)-mediated pathwayFphospho-CRE-binding protein (CREB) is the main transcription factor involved in CRH gene regulation (Guardiola-Diaz et al, 1994; Spengler et al, 1992) , the effect of antipsychotic drugs on forskolin-induced CRH gene promoter activity was also determined.
In the next part of the present study, the mechanism of chlorpromazine and clozapine action on CRH gene activity was investigated in greater detail. Specifically, an involvement of some enzymes, which are known to be changed in schizophrenia and are affected by antipsychotic drugs, that is, PKA, protein kinase C (PKC), protein kinase B (PKB; Akt), glycogen synthase kinase-3 (GSK-3), Ca 2 + /calmodulin-dependent protein kinase (CaMK), and mitogen-activated protein kinase (MAPK), in the inhibitory action of chlorpromazine and clozapine on CRH gene promoter activity was determined (Dwivedi and Pandey, 1999; Dwivedi et al, 2002; Lu et al, 2004; Ninan et al, 2003; Yang et al, 2004) . We chose for this study chlorpromazine, a classical antipsychotic drug and a atypical antipsychotic clozapine, because in the first part of study they showed the most potent inhibitory effects on the CRH gene activity.
Furthermore, since some antipsychotic drugs used at high concentrations have been shown to induce cell death in some neuronal cell lines (Post et al, 1998) , their effects on Neuro-2A cell viability were also evaluated.
MATERIALS AND METHODS

Cell Culture Conditions
Neuro-2A (mouse neuroblastoma) cells, obtained from the American Type Culture Corporation (ATCC), were cultured in Dulbecco's modified Eagle's medium (Gibco BRL) supplemented with 10% fetal bovine serum (Gibco BRL), 50 U/ml of penicillin and 50 mg/ml of streptomycin (Sigma Co.), in an atmosphere composed of 5% CO 2 /95% O 2 at 371C. Stably transfected cells were cultured in medium with zeocin (150 mg/ml; Symbios), instead of penicillin and streptomycin. For in vitro differentiation, the cells were grown for 3 days before the experiment in medium containing 1% serum.
CRH gene promoter sequence (GenBank Accession No. AF48855), the specific primers from the region À663 to + 124 bp were synthesized for PCR amplification. The amplification product was analyzed by electrophoresis on 1% agarose gels stained with ethidium bromide. Specific, approximately 800 bp long, PCR product was obtained (0.2 mg), which was purified using Clean-Up Kit (A&A Biotechnology, Poland), and digested with BglII and KpnI, and then isolated from an agarose gel band using Gel-Out Kit (A&A Biotechnology, Poland). The purified fragment was ligated into pSecTag2A (Invitrogen, USA) BglII-KpnI sites. Escherichia coli TOP10F' cells (Invitrogen, USA) were transformed with the ligation mixture, and 12 colonies were assayed for the presence of CRH promoter-encoding gene by PCR amplification and restriction analysis. Four independent clones with CRH promoter were selected, sequenced, and compared to the known DNA sequence. After sequencing, one plasmid was selected, named hCRH, and used for the next construct. The gene encoding CAT was amplified using the pACYC184 plasmid as a source of DNA-containing CAT gene. Specific PCR product (666 bp) was obtained, purified, and digested with BamHI and XhoI, and ligated into pCRH BamHI-XhoI plasmid sites. The obtained hCRH-CAT plasmid was analyzed by restriction digestion and sequencing.
The cells at 50-60% confluence were transfected with hCRH-CAT plasmid using LipofectAMINE reagent (Invitrogen, USA) according to the supplier's recommendation as described previously (Budziszewska et al, , 2004 . As pSecTag2A vector contains zeocin-resistant gene, at 72 h after transfection, the cells were passaged (1 : 6) to the selective medium with 600 mg/ml of zeocin (Invitrogen, USA). Before transfection the dose-response assays were performed, which showed that 300 mg/ml of zeocin was the lowest concentration that killed all, not-transfected Neuro-2A cells. At 3-4 weeks after transfection, the zeocinresistant colonies were selected, cultured in the medium with zeocin (150 mg/ml), and assayed for reporter gene activity.
Neuro-2A cell line transfected with the plasmid that contained human cytomegalovirus (hCMV) instead of hCRH promoter was used as the control for antipsychotic drug action.
Drug Treatments
The influence of antipsychotic drugs on the basal and forskolin-induced CRH gene promoter activity in stably transfected differentiated Neuro-2A cells was determined. The cells were cultured in the presence of relevant vehicle, chlorpromazine hydrochloride (Sigma, St Louis, USA), clozapine (Polfa, Warszawa, Poland), haloperidol (RBI, NATICK, USA), sulpiride (Sigma, St Louis, USA), raclopride tartrate (Astra, Sodertalje, Sweden), remoxipride hydrochloride (Astra), risperidone (Janssen-Pharmaceutica, Beerse, Belgium), promazine hydrochloride (Jelfa, J Góra, Poland), and thioridazine hydrochloride (Jelfa, J Góra, Poland) for 5 days. The drugs were added at final concentrations indicated in appropriate figures. In the next part of the experiment, the influence of all the above-listed antipsychotic drugs at the same concentrations present in the medium for 5 days on forskolin-stimulated CAT activity was measured in differentiated Neuro-2A cells. Forskolin (Calbiochem, 25 mM) was dissolved in DMSO (the final concentration of DMSO was 0.5%) (Sigma, St Louis, USA) and added to culture medium 24 h before harvesting the cells. Chlorpromazine, raclopride, and remoxipride, were dissolved in water, while clozapine, haloperidol, sulpiride, promazine, thioridazine, and risperidone were dissolved in a small amount of ethanol, followed by dilution in water (the final concentration of ethanol was below 0.5%). The medium and the drugs in 5-day culture were changed once on day 3.
In the successive phase of the experiment, the influence of kinase and some other enzyme inhibitors and activators on the chlorpromazine-and clozapine-induced changes in the CAT activity was determined. The effects of the following compounds were tested: forskolin (PKA activator; Calbiochem); Rp-isomer of adenosine-3 0 ,5 0 -monophosphorothioate sodium salt, a competitive inhibitor of PKA types I and II (Rp-cAMPS; BIOLOG); phorbol 12-myristate 13-acetate (TPA, RBI) an activator of PKC; U-107 (U-73122, RBI)Fan inhibitor of phospholipase C and A 2 ; PD 98059 (Tocris), SP 600125 (Tocris) and SB 203580 (Calbiochem)Finhibitors of extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38-MAP kinases, respectively, and wortmannin (Sigma Chemical Co.)Fan inhibitor of phosphatidylinositol 3-kinase (PI3-K). Forskolin, TPA, U-107, PD 98059, SP 600125, SB 203580, and wortmannin were dissolved in DMSO (the final concentration of DMSO was 0.5%), while Rp-cAMPS solution was aqueous. The control cultures were supplemented with the same amount of an appropriate vehicle. These modulators were added alone or 30 min before chlorpromazine (1 mM) or clozapine (3 mM) to a culture medium for 5 days. The medium and drugs were changed once over 5-day culture.
CAT Activity
CAT activity was determined as described previously (Budziszewska et al, 2000; Pariante et al, 1997) . Cell lysates were prepared by a freezing/thawing procedure. To determine CAT activity, aliquots of lysate (after heating at 601C for 10 min) were incubated in 0.25 M Tris-HCl buffer (pH ¼ 7.8) with 0.25 mCi D-threo-[dichloroacetyl-1-14 C]chloramphenicol and 0.2 mM n-butyryl Coenzyme A at 371C for 1 h. The butyrylated forms of chloramphenicol (in direct proportion to the CAT gene expression) were extracted twice with xylene, washed with 0.25 M Tris-HCl buffer, and radioactivity was measured in a b-counter (Beckmann LS 335 liquid scintillation counter). The results are presented as d.p.m. of a butyrylated fraction of chloramphenicol per 100 mg of protein per 1 h of incubation. The protein concentration in cell lysates was determined by the method of Lowry et al (1951) .
The PKA and PKC Activity Assay
For detection of PKA and PKC activity, the cells were grown in dishes 20 mm in diameter in the medium containing 1% FBS for 3 days. Next, vehicle, chlorpromazine (1 mM), or clozapine (3 mM) was added to the culture medium for 5 days (the medium and drugs were changed once). The cells were rinsed twice in ice-cold phosphate-buffered saline and Antipsychotics inhibit hCRH gene promoter activity A Basta-Kaim et al placed on ice. The Neuro-2A cells from two 20-mm dishes were harvested on ice into a buffer containing 20 mM Tris (pH 7.5), 0.25 M sucrose, 10 mM EGTA, 2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, 2 mM dithiothreitol, 0.2% IGEPAL, and 10 mg per ml of leupeptin, pepstatin A, and aprotinin. The cells were subjected to mild sonication, centrifuged at 20 000 g for 10 min at 41C, and the supernatants were stored at À801C. Enzyme assays were performed using the PepTag kits from Promega Corp. according to the manufacturer's instructions, as described previously (Basta-Kaim et al, 2005; Karege et al, 2004) . The PepTag assay for PKA utilizes a colored, fluorescent peptide substrate (f-kemptide) as the PKA substrate. Phosphorylation of this peptide changes its net charge from + 1 to À1, which permits to separate the phosphorylated peptide from a nonphosphorylated one by electrophoresis. Neuro-2A total cell lysates (8 mg proteins) were incubated in a final volume of 25 ml (reaction buffer, 2 mg of f-kemptide, 5 mM cAMP) at room temperature for 30 min. Basal PKA activity was determined in the absence of cAMP. Different amounts of kemptide (from 0.25 to 2.0 mg) were used to construct a standard curve. The positive control, containing a catalytic subunit of PKA (10 ng) instead of the samples, and the negative control without PKA and the sample were included in each set of experiments. The reaction was stopped by placing the tube in boiling water for 10 min. Then the samples were separated on a 0.8% agarose gel at 100 V for 20 min. Phosphorylated peptide migrated toward the anode, while the nonphosphorylated form shifted toward the cathode. The bands were visualized under UV light and the phosphorylated bands were excised, melted, adjusted to 250 ml with water, and added to gel solubilization solution. Fluorescence in relative fluorimetric units (RFU) was read at 590 nm (emission) with excitation at 540 nm in Fluoroscan Ascent (Labsystem). The results were calculated from the standard curve and expressed in nanomoles of phosphokemptides formed within a minute per 1 mg of protein.
The PepTag assay for PKC was performed as described for PKA, except that we used: C1 peptide, which is highly specific for PKC (P-L-S-R-T-L-S-V-A-A-K), phosphatidylserine (1 mg/ml) as PKC activator, PKC (10 ng) for positive control, and higher amount of cell lysates (25 mg proteins). Different amounts of C1 peptide (from 0.025 to 2.0 mg) were used to construct a standard curve.
Western Blot
The cells were washed twice with phosphate-buffered saline and were lysed with lysis buffer: 20 mM Tris, pH 7.5, 150 mM NaCl, 2 mM EDTA, 2 mM EGTA, 1 mM sodium orthovanadate, 1 mM phenylmethanesulfonyl fluoride, 0.2 nM okadaic acid, 1 mM sodium fluoride, 0.2% IGEPAL, and 10 mg/ml of each leupeptin, aprotinin, and pepstatin A. The lysates were collected, sonicated for 10 s, centrifuged at 20 000 Â g for 15 min at 41C, and supernatants were collected.
Nuclear extracts were made as described by Smith et al (2000) . Harvested cells were resuspended in buffer: 10 mM HEPES, pH 7.4, 1 mM EDTA, 2 mM dithiothreitol, 10 mM sodium molybdate, 10% glycerol, 1 mM sodium orthovanadate, 1 mM phenylmethanesulfonyl fluoride, 0.2 nM okadaic acid, 1 mM sodium fluoride, and 10 mg/ml of each leupeptin, aprotinin, and pepstatin A. The cells were homogenized using a Teflon glass Thomas homogenizer (1200 r.p.m.), centrifuged at 800 g for 10 min at 41C, the nuclear precipitates were washed and resuspended in buffer with 250 mM NaCl. After incubation on ice for 30 min, the samples were centrifuged at 30 000 g for 20 min at 41C to obtain a nuclear extract.
The cell lysates or nuclear extract (equal amount of protein) and the buffer (100 mM Tris-HCl, 4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.005% bromophenol blue, pH ¼ 6.8) were mixed and boiled for 5 min before loading on the gel. Proteins were separated by SDS-PAGE (4% stacking gel, 7.5% resolving gel for Akt and phosphoAkt; 10% for phospho-CREB and GSK-3) under constant voltage (60 V in stacking gel; 120 V in resolving gel), and were transferred electrophoretically to the PVDF membrane (Boehringer Mannheim) at a 60 V constant current for 2 h. The membranes were washed twice with the Tris-buffered saline (TBS), pH ¼ 7.5, blocked in a 1% blocking solution (Boehringer Mannheim) for 1 h, and incubated overnight at 41C with the primary antibody anti-phospho-Akt Ser-473 (Santa Cruz Biotechnology, Inc.), anti-Akt (BD Pharmingen), anti-phospho-CREB Ser-133 (Sigma Chemical Co.), and anti-GSK-3b (Sigma Chemical Co.). The blots were washed: twice with TBS containing a 0.1% Tween-20 (TBST); twice with a 0.5% blocking solution in TBS, and were then incubated with a horseradish peroxidase-linked secondary antibody (anti-rabbit/anti-mouse IgG; 40 mU/ml; Boehringer Mannheim) for 1 h at a room temperature. Afterwards, the membranes were washed four times with large volumes of TBST, and immunoblots were visualized with a chemiluminescence detection kit (Boehringer Mannheim). The semiquantitative analysis of band intensity was performed using FujiLas 1000 and FujiGauge software.
Effect of Antipsychotic Drugs on Cell Viability
Neuro-2A cells were treated with the vehicle or antipsychotic drugs (at concentrations used in the CRH-CAT study) for 5 days. The effect of drugs on cell viability was determined by counting viable and nonviable (blue) cells in a hemocytometer. The cell suspensions were mixed (at 1 : 1 ratio) with a 0.4% trypan blue, and the number of nonviable cells per total of 100 cells was counted.
Statistical Analysis
The data are presented as the means7SEM of two to three independent experiments, and the significance of differences between the means has been evaluated by Duncan's test, following one-way or two-way analysis of variance, respectively.
RESULTS
Effect of Antipsychotic Drugs on Basal CRH Gene Promoter Activity in Neuro-2A Cells
Neuro-2A cells grown in the medium containing 1% serum proliferated slightly and about 80% of the cells formed long neurites. A basal CRH promoter activity in differentiated Neuro-2A cells stably transfected with hCRH (À663 to + 124 bp)-CAT construct was high (32 0007573 d.p.m./100 mg protein/h). Treatment of the cells with chlorpromazine, clozapine, and haloperidol (0.1-5 mM) for 1 or 3 days had no statistically significant effect on basal CAT activity (data not shown). The significant effects appeared after 5 days of the presence of some antipsychotics drugs in culture medium. Chlorpromazine (0.1-5.0 mM) in a concentration-dependent manner inhibited CAT activity. Treatment of cells with haloperidol (0.5-5.0 mM), clozapine (1.0-5.0 mM), thioridazine (1.0-5.0 mM), promazine (5.0 and 10 mM), as well as with risperidone (5.0 and 10.0 mM) decreased CRH gene promoter activity. Raclopride inhibited the CAT activity only at the highest used concentrations (30 and 100 mM), while sulpiride and remoxipride had no effect (Figure 1a Antipsychotics inhibit hCRH gene promoter activity A Basta-Kaim et al Table 1 ). A basal CAT activity in Neuro-2A cells transfected with plasmid containing hCMV instead of hCRH promoter was high (250 0007900 d.p.m./100 mg protein/h), but none of the antipsychotic drugs (used at the same concentration as in testing the hCRH promoter activity) had any effect (data not shown).
Effect of Antipsychotic Drugs on Forskolin-Induced CRH Gene Promoter Activity in Neuro-2A Cells
Forskolin (25 mM), present in culture medium for 24 h, increased about three-fold the CAT activity in differentiated Neuro-2A cells. The most potent inhibition of forskolininduced CAT activity was found after treatment of the cells with chlorpromazine (1.0-5.0 mM) and haloperidol (1.0-5.0 mM), but the dose-dependent inhibitory effect on the CRH gene promoter activity was also observed after clozapine (1.0-5.0 mM), thioridazine (3.0 and 5.0 mM), and raclopride (30 and 100 mM). Other drugs under study (promazine, sulpiride, risperidone, and remoxipride) had no effect on the forskolin-induced CRH-CAT activity (Figure 2a-c, Table 1 ).
The Effect of Some Protein Kinase Modulators on Basal and Chlorpromazine-and Clozapine-Induced Inhibition of CRH Gene Promoter Activity Treatment of stably transfected differentiated Neuro-2A cells with forskolin (25 mM) for 5 days potently increased the CAT activity. Inhibitor of PI3-KFwortmannin (0.1 mM) also enhanced CRH-CAT activity, but to a lower degree than forskolin. On the other hand, an inhibitor of PKAFRpcAMPS (50 mM) and inhibitors of ERK-, JNK-, and p38-MAP kinases (PD 98059, SP 600125, SB 203589) at higher doses attenuated the basal activity of CRH gene promoter. The activator of PKC (TPA) and phospholipase C inhibitor (U-107) had no effect on reporter gene activity (Figure 3) .
In the next part of the study, the influence of some kinase modulators on chlorpromazine-and clozapine-evoked inhibition of the CAT activity was determined. We selected 1 mM chlorpromazine and 3 mM clozapine, which inhibited CAT activity by about 60% (Figures 4 and 5) . Wortmannin, an inhibitor of PI3-K used at the concentrations which did not change the basal CRH-CAT activity (0.01 and 0.02 mM), in a statistically significant manner attenuated chlorpromazine action (Figure 4) . Clozapine-evoked CRH-CAT activity was in a statistically significant manner attenuated by wortmannin at 0.01 and 0.02 mM concentration, as well as by the PKC activator (TPA; 0.1 mM) ( Figure 5 ). Other modulators under study, used at concentrations which did not affect basal CRH-CAT activity, that is, an inhibitor of phospholipase C (U107; 1 mM), inhibitor of PKA (RpcAMPS; 25 mM), inhibitors of ERK-MAPK (PD 98059; 15 mM), JNK-MAPK (SP 600125; 0.2 mM), and p38-MAPK (SB 203580; 1 mM) did not change chlorpromazine as well as clozapine action (data not shown).
Effect of Chlorpromazine and Clozapine on PKA and PKC Activity PKA activity was determined by PegTag nonradioactive assay, calculated as the nmol of phospho-kemptide per minute per mg of protein and presented as a percentage7SEM of control culture (with appropriate vehicle only). The basal and cAMP-stimulated PKA activity was high in differentiated Neuro-2A cell. As shown in Figure 6 , chlorpromazine present in culture medium for 5 days had no effect on the basal and cAMP-induced PKA activity. Clozapine did not change the basal, but attenuated cAMPstimulated PKA activity. In contrast to PKA, PKC activity in Neuro-2A cells was low. Chlorpromazine (1 mM) present in culture medium for 5 days had no effect on the phosphatidylserine-stimulated PKC activity, while clozapine (3 mM) in a statistically significant manner decreased this parameter ( Figure 6 ).
Effect of Chlorpromazine and Clozapine on Phospho-Akt, Total Akt, Phospho-CREB and GSK-3b Levels
Treatment of differentiated Neuro-2A cells for 5 days with chlorpromazine (1 mM) or clozapine (3 mM) resulted in a significant increase in Ser-473-phosphorylated Akt level, without changing total levels of Akt ( Figure 7 ). As phosphorylated, activated PKB (Akt) is able to directly phosphorylate and inhibit the activity of GSK-3, the effect of chlorpromazine and clozapine on the level of active, nonphospohorylated form of GSK-3b was also determined. It has been found that both used drugs decreased the GSK3b level in a statistically significant manner (Figure 7 ). Since phospho-CREB is the main transcription factor involved in CRH gene regulation, the effect of chlorpromazine and clozapine on its level was evaluated. It has been found that no drugs change the phospho-Ser-133-CREB level in a nuclear fraction of Neuro-2A cells.
Effect of Antipsychotic Drugs on Cell Viability
None of the antipsychotic drugs used in the present study evoked toxic effect, estimated by counting nonviable cells in differentiated Neuro-2A cells (data not shown). Antipsychotics inhibit hCRH gene promoter activity A Basta-Kaim et al
DISCUSSION
The main finding of the present study was the demonstration that a majority of antipsychotic drugs under study markedly inhibited the basal activity of CRH gene promoter. The most potent effect in this respect was exerted by chlorpromazine, haloperidol, clozapine, and thioridazine, whereas promazine, risperidone, and raclopride were less active. Out of nine studied antipsychotic drugs, only sulpiride and remoxipride had no effect. Assuming that antipsychotic drugs have similar effects on CRH gene transcription in the hypothalamus, this may be an important part of molecular mechanism by which these drugs regulate HPA axis activity. Moreover, we found that inhibitory effects of antipsychotics are time-dependent, because 5, but not 1 and 3, days of treatment of the cells with chlorpromazine, clozapine, and haloperidol had a statistically significant inhibitory effect on basal CAT activity.
Although it is not possible to directly compare the timedependent effect seen in in vivo experiments with that obtained in vitro, it should be stressed that similar changes as those observed after long-term administration of psychotropic drugs in experimental animals are also present in vitro after their 3-5-days presence (depending on concentration) in culture medium (Donati et al, 2001; Lai et al, 2003) . Since no data are available on the effect of chronic treatment with particular antipsychotic drugs on CRH concentration in vivo, the present results can be related only to antipsychotic-induced changes in corticosterone blood level. It should be mentioned that acute treatment with antipsychotic drugs, especially atypical ones, increases the plasma concentration of glucocorticoids in humans and experimental animals (Aimoto et al, 1981; Gudelsky et al, 1989a, b; Gudelsky and Nash, 1992) ; however, repeated administration of these drugs significantly decreases the concentration of cortisol in humans and corticosterone in rats (Chan and Holmes, 1978; Hung and Chan, 1981; Kahn et al, 1993; Ryan et al, 2004; Sweep et al, 1990) . Nevertheless, chlorpromazine and haloperidol, which in the present study strongly inhibited CRH activity, also after chronic treatment decreased corticosterone level in rats (Chan and Holmes, 1978; Hung and Chan, 1981; Sweep et al, 1990) . There are only a few data concerning the effects of long-term treatment with antipsychotics on HPA axis activity, so a possible correlation between their effect on CRH gene activity and the action on glucocorticoid levels in vivo cannot be easily demonstrated. Assuming that antipsychotic drugs inhibit both hypothalamic and extrahypothalamic (eg amygdala, locus coeruleus) CRH synthesis, they may antagonize not only the glucocorticoids action but also may reduce the CRH-related neuronal excitability, dopamine release, anxiety, and mood disturbances. Although the pathomechanism of schizophrenia has not been elucidated yet, an interaction of CRH and dopamine in the ventral mesencephalon has been suggested to play a role in stress-related exacerbation of this disorder (Austin et al, 1997) . A functional CRE is present in the CRH gene promoter and many studies have demonstrated that activation of the PKA in cells, which contain CREB, leads to stimulation of CRH promoter (Budziszewska et al, , 2004 GuardiolaDiaz et al, 1994; Nikodemova et al, 2003; Seasholtz et al, 1988; Spengler et al, 1992) . However, action of forskolin depends also upon the types and levels of adenylyl cyclase and phosphodiesterase isoforms expressed in cells, so marked differences are observed in CRH responses to forskolin (Nikodemova et al, 2003) . In line with our previous data, a cAMP/PKA pathway activator, forskolin, about three-fold enhanced CRH-CAT activity in differentiated Neuro-2A cells (Budziszewska et al, 2004) , while in another cell line a much larger increase was observed (Seasholtz et al, 1988) . Furthermore, it has been found that stress-induced CRH synthesis in the hypothalamic neurons is most probably evoked by cAMP-PKA pathway activation, and in consequence the increased phosphorylation of CREB (Legradi et al, 1997) . Since forskolin-stimulated CRH activity was inhibited by clozapine, chlorpromazine, haloperidol, and thioridazine, it can be expected that these drugs should also inhibit stress-stimulated CRH synthesis. In fact, haloperidolFwhich decreased forskolin-induced CRH activityFhas been found to inhibit stress-induced rise in plasma corticosterone in rats (Keim and Sigg, 1977) . Figure 6 The effect of chlorpromazine and clozapine applied at the indicated concentrations for 5 days on PKA (basal and cAMP-stimulated) and phosphatidylserine-stimulated PKC activity in differentiated Neuro-2A cells. Cell lysates were prepared as described in Materials and methods section, and tested in the PepTag nonradioactive PKA and PKC assay, respectively. The data were calculated as the nmol/min/mg of protein (phospho-kemptide for PKA; phospho-C1 for PKC) from three separate experiments and are presented as a percentage7SEM of control culture (with appropriate vehicle only). The significance of differences between the means was evaluated by the Dunnett's test following a one-way analysis of variance (*po0.01 vs control group). However, the effect of chronic treatment with other antipsychotics during stress on HPA axis activity has not been studied. Among the drugs under study, sulpiride, remoxipride, and raclopride (up to 10 mM) had no effect on the basal as well as on the forskolin-stimulated CRH activity. Ineffectiveness of these drugs can be due to their too low intracellular concentrations or due to the lack of their action on elements involved in CRH gene regulation in Neuro-2A cells. In contrast to the well-known action of antipsychotics on neurotransmitter receptors, their effect on intracellular pathway and gene transcription regulation are poorly recognized. Neuro-2A cells contain serotonin and serotonin transporters, but little amount of dopamine (Chatterjee et al, 1992) . They contain muscarinic, opioid, angiotensin, bradykinin, thyroid, and neurotrophin receptors; however, no data concerning the presence of serotonin receptors in these cells are available. Neuro-2A cells endogenously express 4.1 N protein (a D2-like dopamine receptor-interacting protein), but virtually no specific binding to dopamine receptors in undifferentiated cells was found (Binda et al, 2002; Monsma et al, 1989 ). As we did not find a correlation between action of antipsychotics on CRH promoter and their effects on dopamine (for example, sulpiride vs haloperidol) or serotonin (klozapine vs risperidone) receptors, we suggested that in this cell line antipsychotics inhibited CRH promoter via another target than dopamine or serotonin receptors.
Chlorpromazine, clozapine, and haloperidol, but not sulpiride, remoxipride, and raclopride inhibited transcriptional function of not only CRH gene but also another gene connected with regulation of HPA axis, for example, GRmediated gene transcription . It seems that the influence of antipsychotics on the CRH activity, similarly as on GR function, depends on their action on protein kinases, involved in CRH regulation. As we have found previously and confirmed in the present study, the activity of CRH gene promoter in Neuro-2A cells is, besides PKA, regulated also by CaMK, MAPK, and PKB (Budziszewska et al, 2004) . Inhibition of CaMK and MAPK decreased, while inhibition of PKB enhanced the basal activity of the investigated gene in Neuro-2A cells. Similarly, Yamamori et al (2004) found that activation of CaMK exerted a potent stimulatory effect on CRH gene promoter activity in human neuroblastoma cell line, but the effect of MAPK and PKB activation of CRH gene activity has not been studied yet.
In the present study, we estimated an involvement of protein kinases in inhibition of CRH activity by chlorpromazine and clozapineFtwo drugs, which differ between themselves in respect of their effect on the monoamine system, but which exerted strong action on CRH activity. We have found that the action of chlorpromazine and clozapine on CRH activity depends mainly on activation of PI3-K/Akt (PKB) pathway. Wortmannin, a selective inhibitor of PI3-K, blocked chlorpromazine and clozapine action on the activity of CRH gene promoter. Moreover, in the Western blot study, both drugs increased the level of active phospho-Akt, without changing total Akt level, and decreased the level of active, nonphosphorylated GSK-3b. Recently, it has been postulated that alterations in Akt/ GSK-3 system play an essential role in pathogenesis of schizophrenia and in the mechanism of antipsychotic drug action. Akt is a serine/threonine kinase that regulates cell growth, glucose uptake, metabolism, and increases cell survival. A reduction in Akt levels in the frontal cortex and hippocampus of schizophrenic patients (Emamian et al, 2004 ) may be connected with neurodegenerative changes observed in this illness. Activated Akt phosphorylates many intracellular substrates, for example, it phosphorylates the GSK-3b at Ser9 and inactivates it. Emamian et al (2004) found a lower level of the phosphorylated form of GSK-3b in the lymphocytes and frontal cortex of schizophrenic patients compared to control subjects, however, other authors showed the attenuated activity of active, nonphosphorylated form of GSK-3 in the frontal cortex of schizophrenic patients (Kozlovsky et al, 2002) . Data concerning the antipsychotic drug action on these kinases are scarce. Interestingly, only mood stabilizers (lithium and valproate), which are also used in therapy of schizophrenia, are known to phosphorylate both Akt and GSK-3b (Chalecka-Franaszek and Chuang, 1999; De Sarno et al, 2002) . In line with our finding, which showed that the 5-day presence of chlorpromazine and clozapine in culture medium increased the level of phospho-Akt in Neuro-2A cells, it has been reported that chronic treatment with haloperidol enhanced phosphorylation of Akt in the frontal cortex of mice (Emamian et al, 2004) . On the other hand, after short (30 min) incubation, the increase in p-Akt level in PC12 cells was evoked only by olanzapine, but not clozapine, chlorpromazine, or fluphenazine (Lu et al, 2004) .
Our data showed that chlorpromazine and clozapine increased Akt phosphorylation and decreased the level of the active nonphosphorylated form of GSK-3b in Neuro-2A cells. Antipsychotics may enhance the PI3-K/Akt pathway directly or by intensifying a neurotrophic factor action (Durany and Thome, 2004) . The fact that a prolonged treatment with antipsychotic drugs was necessary to inhibit CRH promoter activity suggested that synthesis of some neurotrophic factors or their receptors might be required. Phospho-Akt phosphorylates GSK-3b at Ser-9 and inhibits its activity. As in some cell systems phosphorylation of CREB not only at Ser-133 by also at Ser-129 by GSK-3 is required for higher CREB activation, inhibition of GSK-3b activity by chlorpromazine and clozapine could inhibit CRH gene promoter activity (Fiol et al, 1994; Tyson et al, 2002) . Moreover, since chlorpromazine and clozapine did not change the level of CREB phosphorylated at Ser-133, their action on phosphorylation of the other serine in CREB or other elements than CRE in CRH promoter is more probable.
In the light of neurodevelopmental hypothesis of schizophrenia (Kozlovsky et al, 2002) , trophic effects of some antipsychotics should be important for their clinical effect. Positive effects of atypical antipsychotics on neuronal growth and energy metabolism are now extensively studied, so clozapine effect on CRH promoter (possibly via increased Akt phosphorylation) is in line with those reports. On the other hand, chlorpromazine (a typical antypsychotic, which in our model also decreased CRH promoter activity) did not share the neuroprotective effect of atypical antipsychotics, although one study showed that it protected neuroblastoma cells against hypoxic damage (Peruche and Krieglstein, 1991) . Chlorpromazine is a potent inhibitor of PKC, affects steroid hormone receptor binding, and, like clozapine, inhibits glucose transport in PC-12 cells, so its effect on Akt phosphorylation would be connected with these actions. For example, the inhibition of PKC increased Akt phosphorylation and enhanced survival of cerebellar granule cell neurons (Zhu et al, 2004) .
Although our data point to a critical role of PI3-K in chlorpromazine and clozapine-induced inhibition of CRH gene transcription, participation of other protein kinases, for example, PKA, PKC, CaMK, and MAPK should also be taken into account. Measurements of the activity of PKA showed that this protein kinase can be involved only in clozapine-but not chlorpromazine-evoked inhibition of the forskolin-stimulated CRH gene activity. Besides Akt and PKA, also CaMK and MAP kinases participate in the regulation of basal activity of CRH promoter in Neuro-2A cells. CREB is activated by phosphorylation of Ser-133 not only by PKA but also by CaMK and MAPK, so inhibition of any of these enzymes may lead to attenuation of CRH activity. In fact, chlorpromazine and other phenothiazine derivatives are recognized calmodulin antagonists and clozapine has been found to reduce ERK1/2-MAPK (Pozzi et al, 2003; Ratnakar et al, 1995) . These kinases may play a role in the mechanism of action of those antipsychotics which inhibit their activity, for example, clozapine, chlorpromazine, but not in the mechanism underlying the action of other drugs which enhance ERK-MAPK or CaMK activity (Ninan et al, 2003; Pozzi et al, 2003; Yang et al, 2004) . Moreover, the lack of chlorpromazine and clozapine effect on phospho-Ser-133-CREB level rather excluded their action via this pathway. If inhibition of CRH gene activity by some antipsychotics is connected with their action on CaMK or MAPK, another DNA-responsive element than CRE seems to be affected. Activators of CaMK and MAPK are unavailable, but PKC activator TPA, which is known to increase phosphorylation of ERK-MAPK (Schonwasser et al, 1998) , partially attenuated the inhibitory effect of clozapine on CRH-CAT activity. Additionally, in the present study, clozapine has been found to decrease the activity of PKC. Therefore, besides activation of Akt, it is possible that this drug attenuated CRH gene activity also by inhibition of PKC and possibly in consequence the ERK-MAPK activity. Direct action of PKC on CRH gene activity in Neuro-2A cells is rather unlikely, since absence of a TPA-responsive element in the proximal 0.9-kb 5 0 flanking the hCRH gene has been reported (Vamvakopoulos and Chrousos, 1994) .
In conclusion, the present data indicate that some antipsychotic drugs are able to inhibit basal and, to a lesser extent, the forskolin-induced CRH gene promoter activity. It may be a molecular mechanism responsible for their inhibitory action on HPA axis activity. Inhibition of CRH activity by clozapine and chlorpromazine results mainly from activation of PI3-K/Akt pathway. However, an involvement of CaMK and ERK-MAPK in the effects of some antipsychotic drugs on CRH gene activity is also possible.
